Background
In the United States (US), primary immunization with diphtheria, tetanus, and acellular pertussis vaccine (DTaP) is recommended at ages 2, 4, and 6 months (doses 1-3); with booster doses at 15-18 months (dose 4) and 4-6 years (dose 5). 1 The fifth dose of DTaP is not necessary if dose 4 was administered on or after the fourth birthday. 2 The number of reported cases of pertussis in the US has increased in recent years, from 7,867 in 2000 to 20,762 in 2015, with substantially higher numbers during outbreak years (e.g., 48,277 in 2012). 3 Potential reasons for this increase include: increased awareness, better reporting, improved diagnostic tests, increased circulation of Bordetella pertussis, evolution of Bordetella pertussis to escape protective immunity, waning immunity, and asymptomatic transmission from vaccinated individuals. 4, 5 Another reason for the increase in pertussis could be suboptimal immunization. 5 While this can be due to missed opportunities for vaccination, [6] [7] [8] [9] various studies have shown that some parents choose to delay or refuse child vaccination. [10] [11] [12] [13] [14] [15] For example, Smith et al. 10 report that 25.8% of 11,206 parents of children aged 24-35 months delayed, 8.2% refused, and 5.8% delayed and refused vaccines in 2009. Either way, undervaccination has been shown to leave children at an increased risk of pertussis infection. [16] [17] [18] This is supported by US data that have linked clusters of non-medical exemptions (e.g., for religious reasons) with pertussis clusters. 19, 20 The yearly US National Immunization Survey (NIS) estimated that, during 2008-2012, 94-96% of children aged 19-35 months received ≥ 3 doses of DTaP, and 83-85% received ≥ 4 doses. 21 However, it did not examine vaccination ages or uptake of the fifth DTaP dose at age 4-6 years. Noncompliance (i.e., receiving doses later than recommended) may at least partly explain the discrepancy between the reported high DTaP completion rates 21 and the increased incidence of pertussis. 22 To the best of our knowledge, there are no studies on compliance or completion up to the fifth DTaP dose. Therefore, the objectives of the current study were to: (1) measure DTaP compliance (correct timing of doses) and completion (within more lenient time frames) -to 3, 4, and 5 doses -among commercially insured and Medicaid-enrolled children; and (2) identify predictors of DTaP compliance and completion.
Methods

Data sources
This study (GSK study identifier: HO-14-14383) used data from the January 2005 to December 2013 Truven Health MarketScan Commercial and Multi-State Medicaid databases, which were analyzed separately. These databases are the gold standard in proprietary US research databases 23 and have supported research in over 1000 peer-reviewed articles including research published by the Centers for Disease Control and Prevention (CDC). [24] [25] [26] The Commercial database covers more than 25% of US employer-sponsored insurance beneficiaries; the Medicaid database covers 11 geographically diverse small and large states. All database records were anonymized and fully compliant with US patient confidentiality requirements, including the Health Insurance Portability and Accountability Act of 1996.
Study population
The study included all children born during 2005-2011 with ≥ 2 years of continuous enrollment beginning at birth whose data could be linked to their birth record. Children whose date of birth did not match the start date of continuous enrollment were excluded, but there were no exclusions based on contraindications to DTaP. This population provided data on completion and compliance for the first 4 doses. A subsample of children with continuous enrollment from birth until their seventh birthday provided data for the fifth dose.
Definitions and outcomes
The Advisory Committee on Immunization Practices (ACIP)-recommended ages for DTaP vaccination are shown in Table 1. 1 Children were "dose compliant" if they received their dose ≤ 4 days before the ACIP minimum age (as per ACIP guidelines) 1 and ≤ 1 month after the ACIP recommended age (or ≤ 1 year after for the fifth dose) ( Table 1) . 27 "Series compliance" up to doses 3, 4, and 5 was defined as the child being dose compliant for each dose up to and including the relevant dose. "Series completion" to doses 1-3, 1-4, and 1-5 was defined using more lenient age limits (8 months, 24 months, and seventh birthday, respectively; Table 1 ). Children could be series complete to doses 1-4 and 1-5 regardless of the timing of doses 1-3 and 1-4, respectively. Other outcomes were the proportions of children receiving the third and fourth doses, regardless of timing; and the ages and time delays of those with delayed third and fourth doses. Of note, we used "compliant" to indicate vaccination according to guidelines, but other studies have used terms such as "on-time" or "age-appropriate".
Days delayed were calculated for each non-compliant child using a method outlined by Luman et al. 27 Receipt of DTaP included all brands that provide immunization against diphtheria, tetanus, and acellular pertussis. Compliance and completion outcomes were measured based on administrative claims for the receipt of any DTaP injection, regardless of brand or brand switching. Claims for more than one DTaP dose on the same day were counted as one dose. Prescription drug claims that were independent from a claim for the administration of the vaccine (> 1 day between claims) were considered invalid and were excluded from DTaP dose counts.
Statistical analysis
The MarketScan Commercial and Multi-State Medicaid databases were analyzed separately. Due to various differences between these two databases, we did not attempt to statistically compare the results. Categorical variables are shown as numbers (percentages), continuous data as means ± standard deviations (SDs). Binary indicators of series compliance and completion (for doses 1-3, 1-4, and 1-5) were assessed as a function of baseline demographic and clinical characteristics using multivariable logistic regressions with a binomial distribution and logit link. Odds ratios (ORs) and 95% confidence intervals (CIs) are reported. Data from children with ≥ 2 years continuous enrollment beginning at birth were used for models predicting compliance and completion for doses 1-4. The subsample of children with ≥ 7 years continuous enrollment was used for the fifth dose. Variables considered in the models included: year of birth, gender, neonatal intensive care unit (NICU), hospital stay, and birth hospitalization length of stay (LOS) (commercial and Medicaid); geographic region and household income based on zip code (commercial only); basis of Medicaid eligibility and race/ethnicity (Medicaid only). In order to be considered series compliant, the child had to receive each dose within the recommended age limits (≤ 4 days before the minimum age to ≤ 1 month after the recommended age [≤ 1 year for the fifth dose]) b To be considered series complete to doses 1-4 or 1-5, the timing of doses 1-3 or 1-4, respectively, was not important, provided dose 4 or 5 was received by age 24 months or seventh birthday, respectively
Variables were considered significant independent predictors when the estimated 95% CI did not include 1.0 adjusted for all other variables included in the model. C-statistics were calculated for the models; 0.5-0.7 indicates poor predictive value, 0.7-0.8 reasonable predictive value, and ≥ 0.8 good predictive value. 28 
Results
Study population
Data for 1,914,364 commercially insured and 1,716,566 Medicaidenrolled children born during 2005-2011 were extracted from the respective databases (Additional file 1: Fig. S1 ). Approximately 99% of these could be linked to the child's birth record. Of these, there were 367,493 commercially insured and 766,153 Medicaidenrolled children with ≥ 2 years of follow-up from birth; and 23,574 commercially insured and 41,284 Medicaid-enrolled children with ≥ 7 years of follow-up from birth. Baseline data for the commercial and Medicaid populations are shown in Table 2 . The numbers of included children increased from 2005 to 2010, but was lower in 2011. Baseline characteristics of the subgroup of children with ≥ 7 years of follow-up were generally similar to those with ≥ 2 years of follow-up, although those with longer follow-up had a later mean age at first DTaP vaccination. 
Completion and compliance
Series completion ranged from 73.7% (doses 1-3) to 63.0% (doses 1-5) among commercially insured children; and from 46.5% to 29.1% among Medicaid-enrolled children (Figure 1 ). Series compliance was lower: 67.2% (doses 1-3) to 47.5% (doses 1-5) among commercially insured children; and 37.4% to 14.4% among Medicaid-enrolled children (Figure 1) .
Overall, 68.1% of commercially insured children received the third DTaP dose on time, 16.9% received it late, 0.4% received it early, and 14.6% did not receive it during the study follow-up; results were somewhat worse for the fourth dose (Figure 2 ). Among Medicaid-enrolled children, 39.0% received the third dose on time, 28.6% late, 0.4% early, and 31.9% did not receive it during follow-up; again, results were worse for the fourth dose ( Figure 2 ).
Among commercially insured children, 85.4% received a third dose of DTaP, at a mean age of 7.8 months; and 76.6% received a fourth dose, at a mean age of 18.5 months (Table 3) . Among Medicaid-enrolled children, 68.1% received a third dose, at a mean age of 10.2 months; and 53.8% received a fourth dose, at a mean age of 20.7 months. Approximately 14-29% of children had delayed third/ fourth vaccinations, with mean delays ranging from 7.1 to 12.0 months ( Table 3) .
Predictors of completion and compliance
Among commercially insured children, the strongest predictors of series compliance to doses 1-4 were later birth year (2011 or 2010) and household income > $75,000; the strongest predictors of non-compliance were Northeast geographic region and birth hospitalization LOS ≥ 14 days ( Figure 3A ; Additional file 2: Table S1 ). Predictors of series compliance to doses 1-3 and 1-5 were similar to those for 1-4 (Additional file 2: Table S1 ). Predictors of series completion to 3, 4, and 5 doses were also generally similar, although household income > $75,000 had a larger beneficial influence on 5-dose completion (Additional file 2: Table S1 ). Among Medicaid-enrolled children, later birth year (2011 or 2010) was the strongest predictor of series compliance to doses 1-4; the strongest predictors of non-compliance were hospitalization LOS ≥ 14 days and Black race/ethnicity ( Figure 3B ; Additional file 3: Table S2 ). Predictors of series compliance to doses 1-3 and 1-5 were mainly similar; as were predictors of series completion to 3, 4, and 5 doses (Additional file 3: Table S2 ). The only notable differences were that Black and Hispanic race/ethnicities had a greater impact on 5-dose compliance and completion.
C-statistics were 0.575-0.623 for the six commercial models and 0.606-0.623 for the six Medicaid models (Additional Figure 1 . DTaP series completion, dose compliance, and series compliance rates among commercially insured and Medicaid-enrolled children. DTaP diphtheria, tetanus, and acellular pertussis vaccine *Third and fourth doses were measured among those in the 2-year follow-up cohorts (commercial, n = 367,493; Medicaid, n = 766,153); fifth dose among those in the 7-year follow-up cohorts (commercial, n = 23,574; Medicaid, n = 41,284)\ Figure 2 . DTaP diphtheria, tetanus, and acellular pertussis vaccine(DTaP) third and fourth dose receipt status by the end of follow-up. DTaP diphtheria, tetanus, and acellular pertussis vaccine Sum of percentages may not equal 100.0% due to rounding *For children with ≥ 2 years of follow-up †Please see Table 1 21 The discrepancy between our rates and that reported by the NIS is likely due to the very different methodologies used, the different data sources, and the different ages when coverage was assessed.
Despite these discrepancies and the potential underestimation of completion in the current study, our results clearly show that DTaP vaccination was delayed for many of those who received it. Among commercially insured children, 18.4% of those who received a fourth dose received it late (age Figure 3 . Predictors of DTaP series compliance for doses 1-4 among commercially insured (A) and Medicaid-enrolled (B) children. CI confidence interval, DTaP diphtheria, tetanus, and acellular pertussis vaccine, LOS length of stay, NICU neonatal intensive care unit, OR odds ratio Bars show 95% CIs *ORs were adjusted for birth year, gender, geographic region, household income, NICU hospital stay, and birth hospitalization LOS †ORs were adjusted for birth year, gender, race/ethnicity, NICU hospital stay, birth hospitalization LOS, and basis of Medicaid eligibility > 19 months); among Medicaid-enrolled children, this was 30.7%. The mean delays were 9 and 12 months for the two groups, respectively. Given that infants aged < 1 year have the highest reported pertussis incidence, 31 such delays could leave infants at increased risk of infection. 16 In the current study, the strongest predictor of DTaP compliance/completion was later birth year, indicating that they improved over time. This may be due to interventions to improve pediatric vaccination coverage (e.g., provider persistence 32 and combination vaccines [33] [34] [35] ) or increased awareness due to outbreaks. However, this trend was not apparent in NIS data during 2005-2012, 21, 36 possibly because the NIS rates were consistently very high.
Higher household income (particularly ≥ $75,000) predicted improved compliance/completion (among commercially insured children). This is in line with a study from 1995-2007 that reported significantly higher DTaP/diphtheria and tetanus toxoids and whole-cell pertussis (DTwP) timely vaccination among children of families earning ≥ 134% versus ≤ 133% of the federal poverty level. 37 Similarly, the NIS 2012 reported that children living at or above versus below the poverty line were more likely to receive ≥ 4 doses (85.0% vs. 78.5%). 21 Black and Hispanic race/ethnicities predicted poorer compliance/completion (among Medicaid-enrolled children). This trend was also found in the NIS 2012 data: Black and Hispanic children were less likely than White children to receive ≥ 4 doses (79.6% and 80.8% vs. 83.6%). 21 Similarly, Santoli et al. 30 reported that Black and Hispanic children were less likely to be up to date with vaccinations than White children. Luman et al. 27 reported that Black children were more likely to have severely delayed vaccination than White children, but that Hispanic children were less likely to have severely delayed vaccination than White children. Dempsey et al., 11 however, reported that Black parents were more likely to follow the recommended vaccination schedule than White parents; while Smith et al. 15 reported that undervaccination was associated with Black children, but unvaccinated children were more likely to be white.
Limitations
The MarketScan Research Databases are based on administrative claims and -as with all data of this nature -are subject to data coding limitations and data entry error. Furthermore, it should be noted that some Medicaid-enrolled children may have received DTaP vaccination via the Vaccines for Children Program, which would not result in a claim and would therefore not have been captured in this study. There is also potential for misclassification of covariates or study outcomes as children were identified through administrative claims data rather than medical records. Given the discrepancy between our real-world claims database methodology and that from the NIS, 21 it is not surprising that completion results appear to be an underestimation in the current analysis. However, our study clearly shows that, among those who received DTaP vaccination, many doses were delayed.
As this study was limited to children included in the MarketScan databases with commercial or Medicaid health coverage and ≥ 2 (or ≥ 7) years of follow-up, the findings may not be representative of the entire US population. Also, children with long-term Medicaid coverage are not necessarily representative of those covered for shorter periods. Further, Medicaid data were only available for 11 small and large states and were not stratified by state, which may affect the external validity of results as some states receive and allocate federal vaccination funding differently than others. Furthermore, the Universal Vaccine Purchasing Program, through which certain states purchase vaccines for all children regardless of Medicaid eligibility, may be associated with higher vaccination coverage in the participating states compared to states without such purchasing policies.
38
ACIP recommends the fourth DTaP dose by 18 months, but package inserts for Infanrix (GSK, Belgium) 39 and Daptacel (Sanofi Pasteur, USA) 40 recommend 15-20 months of age, hence children who were vaccinated at 19-20 months would have been compliant according to the package insert, but not in our study (although they would have met our "completion" criteria). Delays to the fifth dose (after the child's seventh birthday) are not reported as we only examined DTaP administration, and the catch-up vaccination recommendation for children aged ≥ 7 years is tetanus toxoid, reduced diphtheria toxoid, and acellular pertussis (Tdap) or adult tetanus and diphtheria toxoids (Td).
1 It should also be noted that, while most states require 4-5 doses of DTaP, others require fewer doses. 41 This may have impacted on coverage, particularly to the fifth dose, and compliance/completion by geographic region. Further, the minimum intervals between DTaP doses were not included in the calculations of compliance, nor did we take into account that children who receive their fourth dose on or after their fourth birthday do not require a fifth dose at age 4-6 years. 2 Lastly, it should be noted that, while we report results for commercially insured and Medicaid-enrolled children, we did not attempt to statistically compare the results between these two populations as there are many potentially confounding factors that were not taken into account.
Conclusions
While improvements in DTaP series compliance were observed over time in this large, comprehensive study, overall, we found that compliance to the first 4 doses was low, with many children receiving delayed doses, which were often many months late. Compliance to the fifth dose was even poorer than for the first 4 doses. As such delays could leave many infants and children at risk of pertussis infection, education programs to increase awareness of the importance of timely vaccination may be beneficial. www.hhs.gov/ohrp/regulations-and-policy/regulations/45-cfr-46), for two main reasons: (1) the study is a retrospective analysis of existing data (hence no patient intervention or interaction), (2) no patient-identifiable information are included in the dataset.
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